In the past two decades, Candida species have become the second leading cause of invasive mycosis in immunocompromised patients.
Introduction
Invasive fungal infections are the leading cause of high morbidity and mortality in hospitalized and immunocompromised patients [1] . Due to the indiscriminate use of antifungal drugs and broad spectrum antibiotics, Candida species have become the second leading cause of invasive mycoses [2, 3] . In order to colonize human hosts, these pathogens need to express adhesins and cell wall proteins (CWPs) that enable them to adhere and adapt to the reactive oxygen (ROS) and nitrogen (RNS) species produced by the host phagocytic cells during respiratory bursts [4] . ROS damage DNA, proteins and lipids [5, 6] . Furthermore, accumulation of ROS plays an important role in the activation of pro-survival pathways such as mitophagy and programmed cell death by apoptosis, necrosis or autophagy [7] . In particular, during apoptosis, ROS accumulation results in externalization of phosphatidylserine to the cell membrane, chromatin condensation, DNA fragmentation, accumulation of protein carbonyl groups and finally cell death [7, 8] . Candida, like other pathogens, has developed enzymatic and non-enzymatic mechanisms for ROS detoxification which allow the organism to survive inside the phagolysosome [9] [10] [11] [12] [13] . In addition to detoxification systems, these pathogens possess mechanisms that enable them to survive and evade the host immune system. In these mechanisms, the cell wall (CW) plays an important role, since the phagocytic cells recognize Candida using pattern recognition receptors (PRRs) through their Candida-specific pathogen-associated molecular patterns (PAMPs) [14, 15] . In human hosts, this recognition triggers the excessive production of vasoactive and proinflammatory bradykinin-related peptides, the kinins, which are involved in defense against pathogens [16] . Recent studies have shown that C. albicans complexes with kinin protein precursors and high molecular weight kininogen (HK) trigger the kinin-forming cascade on the cell surface. Absorption studies of CWPs of HK-couples on agarose gel and mass spectrometry analysis have shown that the main receptors of HK are the Als3 adhesin and the glycolytic enzymes enolase 1, phosphoglycerate mutase 1 and triosephosphate isomerase 1 [16] . Furthermore, other studies have demonstrated that the enolase of C. albicans is associated with glucan, an immunodominant antigen of the CW [17] , though it may also be secreted into the extracellular medium [18] . Interestingly, these results correlate with the fact that enolase is one of the main immunodominant proteins found in the body fluids of patients with invasive candidiasis [18, 19] . Other immunodominant proteins found in the cytoplasm and in the CW of C. albicans are the heat shock protein Hsp90, the 47 kDa antigen of this protein [20, 21] and Hsp70 [22] . These findings thus indicate that certain antigens of the CW and anti-CW antibodies can be used to protect the host against candidiasis.
Since CWPs play a crucial role in the response to the respiratory burst of the phagolysosome, here the pathogens C. albicans, C. glabrata and C. krusei were subjected to different concentrations of hydrogen peroxide (H 2 O 2 ) in order to identify the CWPs that are induced in response to oxidative stress. To do so, CWP samples were separated by two-dimensional polyacrylamide gel electrophoresis and proteins of interest were tryptic digested and analyzed by LC-MS/MS. These three species have a special interest as they have unique characteristics compared to other species of the genus. C. albicans is the leading cause of all types of candidiasis and it is susceptible to azole compounds, unlike C. glabrata and C. krusei, which are resistant to these antifungals. In addition, C. glabrata can withstand higher concentrations of ROS than other yeasts [9] . In the present study we found that proteins differentially expressed are heat shock proteins (HSP) in C. albicans and enolases in C. glabrata and C. krusei. This result suggests that these immunomodulatory proteins are the primary protection of this pathogen from ROS. Here we present evidence that expression of these proteins changes in response to oxidative stress in distinct species of Candida. Hopefully, this will lead to a better understanding of the humoral response to Candida antigens and pave the way for developing an efficient diagnosis and new therapeutic strategies to treat this mycosis.
Experimental Procedures

Strains and culture conditions
The strains of C. albicans, C. glabrata and C. krusei are clinical isolates from the collection of the Microbiology Department, ENCB-IPN, Mexico, and were kindly donated by Prof. M.A. Martinez-Rivera. Yeast strains were cultured on yeast peptone dextrose (YPD; Bacto yeast extract 1%, Bacto peptone 2%, glucose 2%) and 2% agar was added for plates [23] .
H 2 O 2 sensitivity assays
C. albicans, C. glabrata and C. krusei were grown at 28°C (to obtain the yeast morphotype) for 36 h in 200 mL of YPD medium. For H 2 O 2 sensitivity assays, the cultures were diluted in fresh YPD medium at an OD 600nm of 0.015 and allowed to grow until they reached an OD 600nm of 0.5. Each of the cultures was divided into three equal portions that were exposed to 0, 20, and 50 mM H 2 O 2 (Sigma-Aldrich) and shaken at 28°C. After 90 min, aliquots were taken from the cultures and cell density was adjusted to an OD 600nm of 0.5. Exponential dilutions of these cell suspensions were made in 96-well plates, spotted onto YPD plates and incubated at 28°C for 48 h [9]. The remaining portion of the culture was used to extract the CWPs as described below.
Extraction of CWPs
Cell cultures were centrifuged at 1300xg for 5 min and the supernatant was carefully discarded. The cell pellet was resuspended in 2 mL of cold sterile water containing 1 mM phenylmethylsulfonyl fluoride (PMSF), an inhibitor of serine proteases and acetylcholinesterase [24] , and lysis was carried out by freezing and thawing cells three times at 42°C. The lysate was centrifuged at 4°C for 10 min at 18000xg, the supernatant was discarded and the CW pellet was washed exhaustively with cold sterile water containing 1 mM PMSF until a clear supernatant was obtained [25] . To extract the CWPs, the washed CW were resuspended in 2% SDS and 5% β-mercaptoethanol and boiled for 4 min. After removing the insoluble material by centrifugation at 6800xg for 10 min, the supernatant containing the soluble proteins was lyophilized and resuspended in a minimum volume of 20 µL. Protein concentration was determined by the DC method (Bio-Rad).
Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
CWPs (100 µg) were solubilized in the lysis buffer (7 M urea, 2 M thiourea, 2% CHAPS, 65 mM dithiothreitol (DTT), 2% ampholytes pH 3-10, and bromophenol blue) and loaded on 7 cm, pH 3-10 strips (Bio-Rad). Isoelectric focusing was done using a Multiphor II equipment (Amersham Biosciences) under the following conditions: passive hydration for 16 h without electric current, 500 V for 0.01 h, 4000 V for 5.6 h, and 5000 V for 2.5 h. Later, the strips were reduced (2% DTT) and alkylated (2.5% iodoacetamide) in equilibrium buffer (6 M urea, 50 mM Tris-HCl, pH 6.8, 30% glycerol and 2% SDS). After separation by isoelectric point, the strip was equilibrated with DTT (10 mg/mL) and the CWPs were separated in the second dimension in a 12% SDSpolyacrylamide gel using a Mini-PROTEAN Tetra Cell (Bio-Rad).
Image analysis of the 2D-PAGE gels and protein identification
Analysis and image identification of the 2D-PAGE gels was carried out using PD Quest 7.0 software (Bio-Rad).
Comparisons of the gels were done using a synthetic image containing all the protein spots of all the gels that were analyzed. The intensity of the spots was normalized and validated in the master gel. A unique identification number was assigned to each protein spot. A spot was considered relevant when there was a minimum two-fold difference in its intensity as compared with the corresponding spot obtained from the mock, untreated sample.
In-gel digestion
Spots of interest were manually excised from Coomassie blue-stained 2D electrophoresis gels. The gel pieces were destained with 50% acetonitrile in 25 mM ammonium bicarbonate twice and washed with 100% acetonitrile. Then, gel pieces were vacuum dried and the proteins were reduced by submerging the sample in a 100 mM ammonium bicarbonate solution containing 10 mM DTT for 1 h at 55°C. The dithiothreitol solution was then replaced by the same volume of a 55 mM iodoacetamide solution containing 100 mM ammonium bicarbonate and incubated for 45 min in the dark. After alkylation, the gel pieces were treated sequentially with 100 mM ammonium bicarbonate and acetonitrile and then dried under vacuum centrifugation. The dried gel pieces were submerged in a solution containing 2 mg of trypsin in 100 mM ammonium bicarbonate and digestion of the proteins was carried out overnight at 37°C. Peptides were eluted from the gel spots by collecting five sequential washings of the gel spots; these were washed once with ammonium bicarbonate followed by acetonitril, and twice with 5% formic acid followed by acetonitrile. The eluted peptides in the collected washings were dried and resuspended in a 0.1% formic acid solution for mass spectrometric analysis. 
LC-MS/MS Analysis
Statistically significant proteins were determined for all of the samples at a 1% protein false discovery rate applied via ProteoIQ (NuSep, Bogart, GA) by loading Mascot.dat target and decoy search files into the software program.
Results and Discussion
3.1 C. albicans, C. glabrata, and C. krusei respond differentially to oxidative stress
To determine whether the clinical isolates of C. albicans, C. glabrat, and C. krusei used in this study responded to oxidative stress in a manner similar to other strains, they were treated with two concentrations of H 2 O 2, as described in the Experimental Procedures. As shown in Figure 1 , C. albicans is more sensitive to H 2 O 2 than C. glabrata or C. krusei. The sensitivity of clinical isolates of C. albicans to oxidizing agents is a characteristic of this species, as has been reported by other authors [9, 26] . In contrast, clinical isolates of C. glabrata and C. krusei are able to survive at 20 mM H 2 O 2 (Figure 1 ). This shows that these and other isolates of C. glabrata and C. krusei are able to survive at higher concentrations of ROS than C. albicans [9, 26] . Even though C. albicans is the principal species causing invasive candidiasis, C. glabrata and C. krusei are able to withstand higher concentrations of ROS (Figure 1 ). This is probably because these pathogens, in order to survive in human hosts, had to reprogram their genetic expression and thus possess mechanisms that enable them to neutralize the ROS generated during the respiratory burst of phagocytic cells. The main mechanism for detoxifying ROS relies on the enzymatic systems formed by antioxidant enzymes such as catalase, superoxide dismutase, glutathione peroxidase, thioredoxin, and peroxiredoxin [9,10,27,28]. The mechanism of action of azoles has been reported to be possibly related to the mechanism of resistance to ROS in C. glabrata and C. krusei [29] . Clinical isolates of azole-resistant C. glabrata have been shown to withstand high concentrations of ROS [30, 31] . Furthermore, it has been demonstrated that there exists an up-regulation of the proteins involved in the responses to oxidative stress and to azoles that depends on the transcriptional factor Yap1p, suggesting a correlation between these mechanisms [31] . This process provides C. glabrata and C. krusei with a powerful antioxidant system, conferring on them an advantage that could cause invasive candidiasis after C. albicans. Another mechanism that may confer on C. glabrata and C. krusei a higher resistance to H 2 O 2 is that occurring after completion of cytokinesis. Thus, it has been demonstrated that in other yeasts such as Saccharomyces cerevisiae, H 2 O 2 levels in daughter cells immediately decrease. This decrease results from a Sir2p and actin cytoskeleton-dependent segregation of cytosolic catalase (Ctt1p) which produces a progeny enabled to detoxify the oxidative stress and to delay its deleterious effect [32] .
Heat shock proteins of C. albicans and the enolases of C. glabrata and C. krusei express differentially in response to oxidative stress
Although the mechanisms that regulate the response to oxidative stress in the Candida species have been described, the role of CWPs in the response to oxidative stress has not been investigated. They might be involved in resistance to ROS in C. albicans, C. glabrata and C. krusei, given that they are the first to come in contact with phagocytes and host cells. To evaluate the differences in the expression of the CWPs among the clinical isolates used in this study when exposed to oxidative stress, we examined the differences in the protein profile expressed when they were incubated with increasing concentrations of H 2 O 2 . The CWs fraction of each of the three clinical isolates was subjected to 2D-PAGE and the gels were stained with Coomassie blue to reveal major proteins. As shown in Figure 2 , few spots were observed under all tested conditions, indicating that the expression of only certain CWPs was affected. As noticed in Figure 2A , two C. albicans CWPs were over-expressed at 20 mM H 2 O 2 as compared to the untreated control. This suggests that although C. albicans is unable to survive at this oxidant concentration, these CWPs may confer protection against the oxidative burst generated inside the phagosome. LC-MS/MS analysis revealed that these proteins are HSP Ssa2 and Ssb (Table 1 ). Ssa1 and Ssa2 are members of the Hsp70 family of HSP which are expressed on the cell surface of C. albicans [22, 33] . In addition to being immunoreactive, these HSP are related to chaperone and translocation functions [22] . Deletion of the SSA1 gene showed that Ssa1 was an invasin that binds to cadherins of the host cell [34] . This binding induces endocytosis and causes severe damage to host cells, triggering invasive and oropharyngeal candidiasis, which is not observed with Ssa2 [34] . However, in experiments with latex beads coated with either Ssa1 or Ssa2, it was demonstrated that either one of these proteins can induce endocytosis, both in human endothelial and epithelial cells. Nevertheless, Ssa1 is more important than Ssa2 for inducing endocytosis in complete organisms [34] . Ssa1 and Ssa2 participate as cell envelope binding receptors for the histatin Hst5 that mediates fungicidal activity, with Ssa2 binding with higher affinity to Hst5 [35, 36] . They are also involved in the response to antifungals such as ketoconazole, amphotericin B and caspofungin [37] . Thus, it is not surprising that Ssa2 and Ssb were identified in the present study, as these proteins apparently play a role in the stress response. However, our results are in contrast to those of Sun et al. [34] , who found that the ssa2Δ/Δ mutant of C. albicans is not affected by oxidative stress. Based on this evidence, (Table 1) . A relative value of 100% was given to spot intensity in control cells. IEF, isoelectric focusing.
we believe that these proteins can be implicated in various mechanisms and that their overexpression is due to the genotype of the analyzed clinical isolate and the concentration of the oxidant, since Sun and coworkers used a lower concentration of H 2 O 2 . It may very well be that response mechanisms vary depending on the oxidant concentration. Whatever the case, a larger number of clinical isolates needs to be tested in order to generalize ideas deriving from these and other studies. Additionally, these results suggest that antifungal resistance is related to the mechanism of oxidative stress response, as has been proposed by some authors [37] . However, given a possible correlation between the two mechanisms, this was not related to Ssa2 and Ssb which play a role in the response to oxidative stress in C. albicans. To our knowledge, this evidence suggests that these HSP may play an important role during the phagolysosome respiratory burst. Unlike C. albicans, when C. glabrata was treated with 20 mM of H 2 O 2 , we observed two down-regulated proteins (spots 3 and 4) ( Figure 2B ) that corresponded to enolase enzymes (Table 1) . To elucidate whether they were the same protein, we searched in the C. glabrata genome for genes encoding for this polypeptide and found that in this yeast, there are two gene orthologs with S. cerevisiae encoding for enolases I and II. This suggests that these proteins are involved in the response of C. glabrata to oxidative stress. Regulation of enolase expression varied as a function of oxidant concentration; accordingly, at 20 mM H 2 O 2 , expression of the protein corresponding to spot 3 decreased to about 40% with respect to the control sample or to 50% in the presence of 50 mM H 2 O 2 ( Figure 2B ). Noticeably, spot 4 was not observed at 50 mM H 2 O 2 whereas at 20 mM it represented about 40% with respect to mock cells. In C. krusei, a down-regulated spot was not detected in the presence of 20 and 50 mM H 2 O 2 ( Figure 2C ) which, in the case of C. glabrata, corresponded to an enolase (Table 1) . Taken together, these results indicate that enolases may play an important role in the response of C. glabrata and C. krusei to oxidative stress, as has been described for a-enolase from rat heart where it is considered a target for oxidizing agents [38] . The decrease of enolase spots may result from an insufficient synthesis of these enzymes in C. glabrata or C. krusei exposed to high concentrations of H 2 O 2. This notion is in line with the fact that enolase is an important glycolytic enzyme located in the CW of C. albicans as [39] [40] [41] [42] [43] [44] [45] . Moreover, it has been shown that immunization with a recombinant enolase [46] , antienolase antibodies [47, 48] or synthetic glycopeptide vaccines [49] protect mice against this pathogen. C. albicans enolase was not identified in this study. However, its down-regulation in C. glabrata and C. krusei by oxidizing conditions suggests that they may provide protection to these pathogens from host phagocytic cells, enabling them to survive and cause invasive mycosis following infection by C. albicans. According to these ideas, the C. glabrata and C. krusei enolases, which have not been extensively investigated, could be good candidates for designing a vaccine against these Candida species. There is only one report dealing with the characterization of the C. krusei enolase [50] but none on the enzyme(s) from C. glabrata, thus making this subject a promising field of future research.
Concluding Remarks
To our knowledge, this is the first demonstration that the HSP Ssa2 and Ssb of C. albicans and the enolase enzymes of C. glabrata and C. krusei change their expression in response to oxidative stress, suggesting their involvement in the defense mechanisms against the phagocyte respiratory burst. Results not only show that C. glabrata and C. krusei can withstand higher concentrations of ROS than C. albicans, but also that their response to oxidative stress is differentially regulated with respect to C. albicans. This difference probably confers on C. glabrata and C. krusei the ability to colonize different niches than C. albicans and thus survive in human hosts. Finally, our results provide a better understanding of the humoral response to Candida antigens, which can be the basis for developing efficient diagnostic and therapeutic strategies for prevention and treatment of candidiasis.
